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This paper explores the present experimental limits on the existence of a hypothetical force which
would only couple to charged leptons; the neutral particle carrying the force having a mass greater
than several MeV/c . We consider limits from data on g, —2, g„—2, electron beam-dump experi-
ments, e++e —+e++e, e++e ~p++p, and e++e ~~++~ . Our purpose is to provide a
basis for design of future experiments which would be more sensitive to the existence of a charged-
lepton-specific force or other unknown phenomena connected to charged leptons.

I. INTRODUCTION

The known forces which act on leptons (electroweak
and gravitational) also act on quarks and other particles.
Similarly, proposed interactions involving leptons, the
Higgs-particle interaction for example, are also proposed
for quarks. Therefore, most searches for new forces have
depended upon quarks partaking in that force, even if a
final-lepton signature is required. Such searches are ir-
relevant for a new force which acts only on leptons: a
lepton-specific force. In this paper we describe some
present experimental limits. on the existence and proper-
ties of lepton-specific forces which couple only to charge
leptons. We show that the limits are least imposing when
the mass of the particle carrying the force is larger than
about 20 MeV/c . This leads us to describe possible ex-
periments which could probe further into the question of
the existence of a force coupling to charged leptons. We
have two interests in such experiments.

One interest comes from puzzling over the peculiar
properties of the known lepton compared to the known
quarks. Unlike the quarks, the two masses in a lepton
doublet are very difFerent; indeed, the neutrino mass may
be zero. Unlike the quarks, there is no evidence for gen-
eration mixing: p-lepton-number conservation holds to
at least 10 ', ~-lepton-number conservation holds to at
least 10 —10 . Might another peculiarity of the lep-
tons be that there is a force associated only with charged
leptons? The latter might be related to the disparate
masses problem.

Our second interest comes from a desire to carry out
precise and sensitive measurements at high energy which
do not involve complicated or poorly understood proper-
ties of quarks. Such measurements must either not in-
volve hadrons or only involve hadrons in a well-
understood way. Some electron-positron collision reac-
tions meet these criteria and have been carefully studied:

e++e ~e++e, e++e ~l++I, l =p, & .

Other reactions which meet these criteria are

y+p ~I++I +p, I =e,p,
e+p~l++I +e+p, I =e,p .

The comparison of the precision and sensitivity of
different measurements requires a hypothesis as to the
unknown physical phenomenon which might be revealed
by increased precision or sensitivity. We use the hy-
pothesis of a force coupling only to charged leptons, and
a model described next.

In this model the force is carried by a particle called A,

of mass I&', A, is neutral and does not change lepton num-
ber (Sec. II). To get a feeling for the extent of present
limits, A, is allowed to be a pseudoscalar or a vector parti-
cle.

In describing current limits on a lepton-specific force
we will sometimes make use of results from axion and
Higgs-particle search experiments. This is done in Sec.
III where the limits are recounted from the comparison
of the measurements of g, —2 and g„—2 with theory. In
Sec. IV we describe additional limits when m& is less than
about 20 MeV/c; these limits are obtained from electron
beam-dump experiments. Additional limits for larger
values of m& are obtained in Sec. V from measurements
on the reactions

e +e —+e++e, p++p, ~++~

Our interest is in direct searches for a force carried by
a A, with a mass greater than about 20 MeV/c . Astro-
physical considerations are not of use in this case, al-
though very restrictive limits can be obtained for smaller
values of mz (less than about I MeV/c ). Therefore, we
do not discuss limits coming from astrophysical observa-
tions or calculations.

We conclude in Sec. VI with a discussion of possible
future experiments on the existence of a charged-lepton-
specific force. The emphasis is on the region of large m&
because this is the region where the limits discussed in
this paper exercise the least constraints.

1

II. MODEL, LIMIT PHILOSOPHY, LIFETIME

A. Model and limit philosophy

We take the A, to be either a pseudoscalar or vector
particle which couples only to charged leptons. Using
the subscript I to represent a charged lepton, the A,-lepton
vertex has one of the following forms:
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pseudoscalar: —igg( u(y 5u(,

vector: —
ig&&U&y„u~ . (lb)

B. Lifetime when mq & 2m~

We define

alai

=g&&/4m.
We do not have a fixed idea as to the dependence of the

coupling constants g&& on the nature or properties of the
lepton l. Unlike the Higgs-particle hypothesis we do not
connect g&& with the lepton mass m&. We do not assume
relationships inside a set of g&& s. Each limit is con-
sidered separately and presented on a graph of the type of
Fig. 1.

Our philosophy in this paper is to sketch out the ap-
proximate pseudoscalar and vector limits on a&& for vari-
ous ranges of m&. We can use approximate limits, usual-

ly the 90%-C.L. limit, because we are not testing a
specific theory. Our purpose is to find regions where lim-
its on a lepton-specific force are least constrictive; our
goal is to carry out search experiments in some of those
regions.

There are two other spin and coupling possibilities:
scalar and axial vector. We have not reported on all pos-
sibilities because it would make too long and repetitive a
paper. With these other possibilities the limits are either
less restrictive or about as restrictive as the cases we dis-
cuss. A further simplification in our considerations is
that we assume there is only one A, particle which couples
to a specific lepton. We ignore the possibility that two
different A, 's couple to the same lepton; hence, we avoid
the complication that effects from the two k's weaken or
cancel each other.

through a virtual l loop. The lifetime is
2

16~ A
2a o,~,m~, mg

(3b)

Comparing Eq. (3b) to Eq. (2a), the lifetime is much
larger because of the factor a (milmi ) .

If A, is a vector it cannot decay to two y's. The decay
mode k—+3y will have a lifetime longer than that in Eq.
(3b) by a factor of about 1000.

ha& =a&(measured) —ai(calculated) (4a)

and

b at =ai (K( r) /2~ . (4b)

Here r = ( m z /m& ) . The function K ( r ) depends on the
nature of A, . The values of K(r) at small an'd large values
of r are instructive: limit as r =m & /m& —+0,

pseudoscalar: E —+ —,', vector: K~1,
scalar: K~—

—,', axial vector K ~4 ln(r);
(4c)

III. LIMITS FROM g, —2 AND g„—2

A classic activity in atomic and particle physics is to
search for new physical phenomena by comparing mea-
surements of g, —2 and g„—2 with calculations. We
need only copy the very useful formulas from Ref. 2. In
this section we give a&& vs m& limits for the cases of A.

scalar or axial vector as well as the cases we use
throughout the paper of A, pseudoscalar or vector. Using
ai =(gi —2)/2 with / = e or p, we define

—1/2
4m(2A'

pseudoscalar:
a&m&

1
m&
—1/2

4mt 2m 2

vector:
a&m& 2

m&
2

m&

The a&&-m& region of sensitivity of a particular search
method usually depends upon the lifetime of the k, w&.

The simplest case is when I, couples to just one lepton l
and m~) 2m, . Then'

limit as r =m i„/m, ~ oo,2 2

pseudoscalar: K —+ ( 1/r )ln( r ),
vector: K~2/(3r),
scalar: K ~—(1/r) ln(r),

axial vector: K —+ —10/(3r) .

The limits on ha& are not symmetric. From Ref. 4,

(4d)

(2b)

where 6=6.6X 10 s MeV and m& is in MeV.
In most searches the crucial parameter is not ~&, but

the decay length, Ld=cy&~&. Electron beam-dump ex-
periments in which the A, is directly detected require Ld
larger than tens or hundreds of meters. Experiments
which require the A, to leave a production target before
decaying require Ld larger than millimeters or centime-
ters.

C. Lifetime when mz &2m&

Suppose A, couples to only one lepton, the charged lep-
ton l, and m& & 2m&. Then the dominant decay mode for
the pseudoscalar is

(3a)

b,a, =( —1.11+1.28) X 10

b,a„=(3.9+8.7) X 10

The 90%-C.L. limits are

Aa, &+0.53X10 ', Aa, ) —2.75X10

Aa„& + 1.50 X 10, Aa„) —0.72 X 10

The limits on b, a& in Eq. (5) lead to the excluded re-
gions in Fig. 1. When m& m&, the upper limit on a& is
of the order of 2~ha&, a drastic constraint on a&&. This
constraint weakens when m&))m&, the upper limit in-
creases approximately as m&. As stated in Sec. II A, we
assume only one A, couples to a lepton.

The limits on a& provided by Aa& are a foundation on
which we erect other limits from other data and searches
(Secs. IV and V). Note that although b,a„ is about 100
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FIG. 2. Schematic of electron beam-dump experiments
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effect of the muon mass.
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FIG. 1. Upper limits on o.&I set by g&

—2 measurements for
(a) I =electron and (b) I =muon. 3 =axial vector, V=vector,
P =pseudoscalar, S =scalar.

ed. In the latter experiment, the physicists specifically
looked for electromagnetic showers. Neither experiment
reported any unexplained source of electromagnetic
showers.

We can interpret the null results of these experiments
for our purposes by noting that the A. could be produced
by the process, Fig. 3(a),

A, +nucleus —+e++e +nucleus or nucleons, (6b)

analogous to photoproduction of e+e pairs.
An order-of-magnitude calculation shows that this is a

sensitive search method for A, coupling to an e when
m & (2m, . This mass restriction combined with the

g, —2 constraint in Fig. 1(a) means that the sensitivity of
the beam-dump experiment need only be investigated for
a&, (3X10 . The lifetime for a psuedoscalar A, , Eq.
3(b), is

e +nucleus~ e +A. +nucleus or nucleons, (6a)

analogous to electron bremsstrahlung. Some X's which
reach the detector and have sufficient energy will interact
with the material in the detector through the process,
Fig. 3(b),

IV. LIMITS FROM ELECTRON BEAM-DUMP
EXPERIMENTS rz(m z & 2m, ) )9 X 10 s . (7a)

A. 0~m& (2m,

Two electron beam-dump experiments, ' schematical-
ly described by Fig. 2 have been carried out at SLAC. A
beam of 20-GeV electrons is dumped into a target con-
taining at least several radiation lengths. Directly down-
stream of the target, a distance D, is a track-detecting
and electromagnetic-shower-detecting, thick plate
chamber. The distance D is partially filled with shielding.
In the experiment of Rothenberg, D was about 60 m, the
detector consisted of four optica1 spark chambers with
thick aluminum plates, and the total number of effective
radiation lengths in the detector was about 9.4. In the
experiment of Bjorken et al. , D was about 400 m, the
detector consisted of aluminum or iron plates interleaved
with multiwire proportional chambers, and the total
number of effective radiation lengths was about 4. In the
former experiment, the physicists looked for events
which might be neutrino interactions, these events con-
sisting of one or more charged particles. Electromagnetic
showers of sufficient energy would also have been detect-

We will only consider A, 's with energy greater than 2
GeV; hence, the decay length is

Dq(mq &2m, ) ) 5 X 10 m . (7b)

nucleus

(a)

) nucleus or nucleons

nucleus—

(b)

) nucleus or nucleons

FIG. 3. Diagrams for (a) e +nucleus —+e +A+nucleus or
nucleons and (b) A, +nucleus~ e++ e +nucleus or nucleons.



826 CHRISTOPHER A. HA&KINS AND MARTIN L. PERL

(8a)

Taking the upper limit on X,h, „as 2.3, with C =30 and

X„d=4,

a&, ~2.4X10 (Sb)

Thus for m&(2m„our interpretation of these beam-
dumped experiments decreases the upper limit on a&,
from about 10 to about 2X10 ' . These limits as a
function of m& are shown later in Fig. 5.

Once m& & 2m, the k lifetime becomes too short to use
our interpretation of this experiment. But at this bound-
ary another set of search experiments can be used, those
connected with the possibility of the production of anom-
alous e+e pairs in heavy-ion collisions.

This decay length is much larger than the target to detec-
tor distance in either experiment. Thus both experiments
are applicable. Although the experiment of Rothenberg
and Donnelly et al. is in principle more sensitive than
that of Bjorken et al. , we will analyze only the experi-
ment of Bjorken et al. , because we have been able to
discuss the detector sensitivity with one of the experi-
menters.

No electromagnetic showers of greater than 2-GeV en-

ergy were found in 4 radiation lengths of the detector
when a total of 30 C of 20-GeV electrons were used. We
show here the calculation of the limit on o;&, for k being
massless and a vector. The pseudoscalar case and mass
dependence are related to the massless vector case using
relations given by Tsai.

An EGs (Ref. 9) shower simulation gives the number of
k's produced in the dump that are within the detector ac-
ceptance to be 3.76 a&, /a A, 's per incident electron. For
C coulombs, the number of produced A, 's is

Ng —2.3X10' Caq, /cL .

The shielding contains about 1300 radiation lengths, but
since we are only concerned with a&, & 10 because of
the g, —2 constraint, there is negligible attenuation of A, s
in the shielding. The probability that a X of 2 GeV or
more energy produces a shower in an N„d-radiation-
length detector is —,'N„d(az, /a). Therefore, the number

of showers expected is

Target

b &:!~p..

Decay Point of X,

Pl'odUctiOA
Point of A,

e

e+ Detector

FIG. 4. Schematic of electron beam-dump experiments
which set limits on az, and m z when m q & 2m, .

e +nucleus~e +A, +nucleus or nucleons, (9a)

A, ~e++e (9b)

@+nucleon —+m + . , ~ ~y+y,
y+ nucleus —+e++e++

(10)

The results of all these searches' ' were nu11.
Davier' has combined the limits from Refs. 13—16

and from an earlier electron beam-dump search for ax-
ions. ' We apply the same limits to a pseudoscalar A, in
Fig. 5. We also show in Fig. 5 the excluded region from
the beam-dump experiments discussed in Sec. IV A.
Thus the excluded region from Sec. IVA is extended to
larger values of m&, to about 15 MeV/c . In a narrow
range of m&, the upper limit on e&, is reduced to 10

1O'

1 keV/c
2

1 MeV/c 1 GeV/c

The reaction in Eq. (9a) is the same as that in Eq. (6a) and
Fig. 3(a). Tsai, Olsen, "and Holvik and Olsen' give the
theory and cross sections for this reaction. The decay
process, Eq. (9b), must take place outside the production
target, Fig. 4, setting a lower limit on the A, lifetime. As
shown in Fig. 4, in these experiments the existence of the
k would be demonstrated by an excess of positrons in the
forward direction.

Most of the searches' ' have used electron beams.
One search' analyzed data from a proton beam-dump
experiment; high-energy electrons are produced in the
dump through the sequence

B. 2m, (mq & 15 MeV/c

In the past decade there has been continuing but
confusing evidence' that there is anomalous production
of e+e pairs when heavy ions such as Th and U collide.
When the kinetic energy of the incident ion is about the
energy required to overcome the Coulomb barrier be-
tween the nuclei, there appear to be peaks in the e+e
mass spectrum between about 1.5 and 1.8 MeV/c . A
great deal of theoretical and experimental research has
involved the hypothesis that the e+e pair are the decay
products of a neutral particle produced in the heavy-ion
collision, which we call A, .

One area of experimental research has looked for the A,

through the sequence

10

1O'

10

~ 10

10 10

10

10 410 10 10

m& (MeV/c )

10 10

FIG. 5. Excluded regions of aq, vs mz from considerations
in Secs. III and IV. V =vector, P =pseudoscalar.
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A new electron beam-dump experiment has been pro-
posed' for Fermilab.

There is no calculation of the limits imposed by these
experiments if A. is a vector particle. In that case the A,

momentum spectrum is similar to the y momentum spec-
trum from

e +nucleus~e +y+nucleus or nucleons (1 la)

and the background from

do(e+e ~e+e ) na (f + f + Qf )
d cos8 ry " y' "

~weX=
CXy

(13a)

where frr, fr&, and f&z are the contributions from the
product of y-y, y-A, , and k-A, amplitudes. Specifically,

2 2 2 2 2s +u 2u t +u
(13b)

st $2

y+ nucleus ~e +e++nucleus (1 lb)

is more serious. However Riordan pointed out to us
that the production cross section for the reaction in Eq.
(9a) is larger for a vector A, compared to a pseudoscalar I,.
Riordan concludes that the a&, -m& excluded region is
about the same for the two types of A, . Hence, we use
these beam-dump limits, Fig. 5, for a vector A,.

The type of electron beam-dump search discussed in
this section becomes less sensitive as m& increases above
15 MeV/c . The production cross section decreases.
Furthermore, the decay length is proportional to m & for
fixed a&, and Axed energy; hence, a thinner target must
be used. Therefore, other search methods must be used
for large values of m&.

f„~=2 $ +u
2

u
(R, )„,i+ (R, +R, )„,ist

t2+u2+, (Rs )real
s

IR, I'+ "
(R,R, )„„

t2+u2
s2

where

t =' —s(l —cos8)/2, u = —s(1+ cos8)/2,

(13c)

(13d)

V. LIMITS FROM e+e COLLISION DATA (13e)

A. e++e ~e++e

I. Vector A,

e++ e -+e++e (12)

through both y and A, exchange. If A, is a vector particle
the cross section is given by the formula for y and Z ex-
change ' with the Z 's axial-vector coupling parameter
set to 0.

In the barycentric system

The Feynman diagrams in Fig. 6 are, for Bhabha
scattering,

R, =t/(t —mq+ti ~mg), R, =s/(s —mq+iI qm~) .

We found that the most sensitive search for a nonzero
x uses high-energy e+e storage-ring data on the partial
total cross section

,
(

+ +
y

~ do(e+e ~e+e )

C d cosO

(14a)

where the limits of integration +c depend on the experi-
Inent. The prime indicates the cross section is for part of
the cos8 range. From Eqs. (13),

o'(e+e ~e+e ) =o rr+xo ~q+x oq~ .

Suppose an experiment reports the upper limit

(14b)

s channel Q

y exchange )„exchange

e+
~ + + ~ +e e e

o' „,(e+e ~e+e ) —oQED(e+e ~e+e ) &e.
o QFD(e+e ~e+e )

(15a)

e e e Then in our model,

Oyz
X +X (g (15b)

t channel Q

e e

gives the limit on x. Using

r2=ozz/o zr, 'r& ='oz&/ozz, r2x&; '+r&x'&; =e . (16)

FIG. 6. Feynman diagrams for the process e+ +e
—+e++e taking place through y and A, exchange.

The sizes of r& and r2 and hence the relation of the
x&; 's to e depends on m&. When Is —mP —m&I & the s-
channel resonance in R, dominates o', and the deviation
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a=0.008 . (18)

from pure photon exchange will depend on x . Other-
wise the y —

A, interference term, r, x in Eq. (16), is most
important and the deviation depends on x.

In looking for a deviation from pure photon exchange
it is crucial to examine how the luminosity was deter-
mined in a measurement of a'(e+e ~e+e ). The use
of large-angle @+e —+e +e scattering to determine
the luminosity negates the search for a deviation. We
have used the comparison of o''(e+e —+e+e ) and
tT'(e+e —+yy) of Derrick et al. Using data from the
High Resolution Spectrometer (HRS) detector at the
SLAC e+e storage ring PEP they give

o'(e+e ~e+e ) 0'(e+e e+e )

cr (e e ~yy) „, o (e e ~yy) &ED

=0.993+0.009+0.008, (17)

where c in Eq. (14a) is 0.55, and QED means the theory is
pure quantum electrodynamics calculated to third order
in a. In our model A, does not enter into the reaction
e++e ~y+y in lowest order; hence, we use Eq. (17)
to set the deviations allowed in e++e ~e++e due to
the presence of the A,. Following our philosophy of giv-
ing approximate, exploratory limits we add quadratically
the statistical and systematic errors to give a measure of
the allowed deviation. The 90%o-C.L. limit is

course of several years' data acquisition. We took the
variation in the &s to be +0.002+s. Values of az, as
small as 10 —4X 10 are excluded by the measurement
of Derrick et al. At 29 GeV the u&, limit reaches
below 10,but these values are dependent on our uncer-
tain estimation of the experimental resonance width.

The limits on a&, for m&) 29 GeV might be further
examined through the use of e+e ~e e data from
the DESY PETRA or KEK TRISTAN storage rings, but
we have not found published data that we could directly
use; uncertainties in the luminosity determination negate
the advantage of the higher energy. This can certainly be
overcome by experimenters who have their own data
from these storage rings.

2. Pseudosealar A,

Here

s2+g 2 2g 2 t2+g 2

+ +
st s

(19b)

When A, is pseudoscalar or scalar the Bhabha-
scattering differential cross section in the barycentric sys-
tem is

do(e+e ~e+e ) na (f + f + 2f )g, ff Pt)I A.A,

(19a)

Using Eqs. (13), (14), and (16) we obtain the limits on az,
ln Flg. 7.

The width of resonance at &s =29 GeV is set mostly
by the variation in the beam energy of PEP over the

0 Qfail (+s )real+ ~t )reals
(19c)

(19d)

10o

10"

1 Q-2

1Q3

1 0-4

MeV/c

10 100

GeV/c

10 100

where the notation is described in Eq. (13e).
We again use the limit from Derrick et al. , Eq. (18),

and the analysis described in Sec. VA1. The excluded
regions of cx&, are given in Fig. 8.

The excluded regions are smaller than the vector case,
Fig. 7, because r, and r2 are smaller in the pseudoscalar
case compared to the vector case. For example, set
m& =0, then

pseudoscalar: r, = —0.107, r2 =0.214,

vector: r& =2.000, r2 =1.000 .

The limits in Fig. 8 also apply to a scalar A, .

10' B. e++e ~p++p, r +v

1 0-6

107

10-8
10O 10~ 102 103 104 1 05

m& (MeY/c )

1. Vector A,

The s-channel reaction

e++e ~1++I, I =p, ~

provides limits on

A, el gk.e~k, l ~

(20)

FIG. 7. Limits on uz, for a vector A, from e+e ~e e at
29 GeV and g, —2.

through the diagrams in Fig. 9. The barycentric
differential cross section has the simple form
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10o
1

10

MeV/c
/'

10 100 1

GeV/c

10 100
cr' „,(e+e ~l+1 ) =1+a.
cr @ED(e e 1 I )

From Eqs. (21) and (22),

(22)

rors in 0~„,(e+e —+1 I ) and use the combined error
e, where

103
xi; IR, i +2xi; (R, )„«=e,
p: e =0.038, ~: e,=0.064 .

(23)

(24)

10'

106

107

The e„value comes from the 29-GeV results in Refs. 22
and 23. The e value comes from the 29-GeV results in
Ref. 24 and an additional uncertainty due to the problem
in understanding the w decay modes. When e„or t., are
inserted in Eq. (23) we obtain the limits in Figs. 10 and
11.

2. I'seudosca1ar A,

10'
10 10~ 10 10 10 10

m~ {Mev/c )

GO

d cos8
(2 —P +P cos 8)

S

FIG. 8. Limits on aq, for a pseudoscalar A, from
e+e ~e+e at 29 GeV and g, —2.

If k is pseudoscalar there is no interference between
the y-exchange and A,-exchange amplitudes:

[(2 P+P c—os 8)+x iR, I ], (25)
d cosO s

where the notation is given in Eq. (21b). The limit on
a&,„is given by

x„r=We, (26a)

where
X [1+2x(R, )„,&+x IR, I ], (2 la) P=IR I/(2 P +P c /3) (26b)

where

x =a&«/az, R, =s/(s —m &+i I zm~ ) (2 lb)

and Pis U, /c.
The magnitude of der ld cos8 is determined in part by

the luminosity, which in turn depends upon large-angle
Bhabha scattering. As in Sec. V A we de6ne a partial to-
tal cross section o.' obtained by integrating dcr/d cos8
within the range —c &cos8&c. The limits on x are ob-
tained from the ratio

p(e+e ~yy)
crm„,(e+e ~l+I )/o' „,(e+e ~e+e )

crOED(e+e ~l+l )/crOED(e+e e+e )

An exact treatment of this ratio requires recognition that
a' „,(e+e ~e+e ) was used to set limits on a&,
=g&, /4~. It is suScient for our purpose to quadratically
add the errors in cr' „,(e+e ~e+e ) to the larger er-

MeV/c GeV/c MeV/c GeV/c
2 2 2 2

10 100 1 10 1 10 100 1 10 100
10 I

I
I I

I I

(a)

10

10

e'e ~N, 'N

e'e ~p,+p

10

This is for the partial cross section for the range
c (cosg 4 c.
The e values given in Eq. (24) lead to the upper limits

on a&,„in Fig. 10 and on n&„ in Fig. 11.

10
100

vector
I

10
I I

0 10
m& (MeV/c2)

pseudoscalar ~
I I I

10
I

10

e

FIG. 9. Feynman diagrams for e++e ~p++p, w++w

FIG. 10. In (a) A. pseudoscalar and (b) A. vector the solid
curve gives the upper limit on czz,„from e+e ~p+IM . The
dashed curve gives the upper limit on Qaq, az„.
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Depending on the properties assumed for A, , the upper
bound lies between 10 and 10 for most of the m&
range. Smaller upper bounds occur, of course, at the res-
onant mass for the data we used, m&=29 GeV/c . But
such a bound has little use because it only applies to an
rn& mass range about 0.1 GeV/c wide at 29 GeV/c .

The increased sensitivity of the e+e ~e e cross
section at the resonance m& =E, might be used over a
broader mass range by analyzing data required during en-
ergy scans. For example, the energy range from about 3
to 6 CieV was scanned at the SLAC storage ring SPEAR
(Ref. 26), and from about 30 to 46 GeV was scanned at
PETRA (Ref. 21). To use such scan data close attention
must be paid to how the large-angle Bhabha scattering
was normalized. %e have not made such a study.

%'e are studying data from the SLAC storage ring
PEP on the reaction

e++e -+e++e +e++e

10-' I I I I

10o 10$ 1P2 1P3 1P4 1P5

m~ (Mev/c )

looking for the process

e++e ~e++e +X, X~e++e (28b)

FIG. 11. The curves marked pseudoscalar and vector give
the upper limit on az, from e+e ~~+~ for A, pseudoscalar
and A, vector.

through detection of an e+e mass peak at m&. Figure
12(a) shows one of the Feynman diagrams for this hy-
pothetical process.

3. Discussion ofa„,„,aq„

The upper limits in Figs. 10 and 11 on

ax t=gx gu/4~ (27) e +p~e +p+X, X~e++e (29}

2. Possible future experiments

A A, search method analogous to that in Eq. (28b) uses
electroproduction on a proton:

do not set limits on g&I unless we know a connection be-
tween g&, and g&&. In the special case of g&, =0, the
upper limit on a&,1 tells us nothing about g&&. In a model
which copies the Higgs-particle hypothesis with
g~i=(m~/m, )g~„ the individual upper limits are given
by az, =gqI /4n =(m& lm, )a&,I and az, =g&, /4n
=(m, /mi)az, t.

In Fig. 10 we compare the a~@ upper limit (solid curve)
with the upper limit on Qaz, az„(dashed curve). The
a&, limit is obtained from e+e —+e e (Sec. IVA); the
a&„ limit is obtained from g„2 (Sec. III). For much of
the range of m& &29 GeV, the Qa&, a&„upper limits are
smaller than the a&,„upper limit.

Figure 12(b) shows one of the Feynman diagrams. Again
the A, would be detected by an e+e
mass peak. In an ep 6xed-target search using an e
beam of energy Eb„, the mass range is limited by

mz &+2Eb„m „„„.This limit is smaller than the
m~ &E, limit for the e+e ~e+e A, process in a
storage ring. However the ep Axed-target search experi-
ment can be designed for a higher effective interaction
rate and hence greater sensitivity. The search can also be
carried out at the HERA ep collider now under construc-
tion.

e

VI. SUMMARY AND DISCUSSION

In the spirit of our model we discuss separately the e,
p, and v-. We remark on the limits given in this paper, we
point out other existing data that can be examined, and
discuss possible future experiments.

7
e+ = = e+ Then

(a

A. Electron-specific forces Then

1. Remarks on limits and use ofother data (b)

Figures 1(a}, 7, and 8 summarize the limits on the A,c-
system. When m& is greater than about 200MeV/c, the
smallest upper bound on a&, comes from e+e ~e+e

FIG. 12. Examples of Feynman diagrams for (a)
e++e ~e+e+A, , A,~e++e, and (b) e +p —+e +p+X,
A, ~e++e+.
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In thinking about possible methods to search for a A.

coupled to an e, one can consider a deliberate energy scan
of the e+e —+e+e cross section, looking for the reso-
nance at E, =m&. The scanning could be done in an
e+e collider or in a fixed-target experiment. Unfor-
tunately, such a scanning search at existing e+e storage
rings would be a long experiment and could not be
justified at this time. The mass range in a fixed-target
scanning search is limited to mz (+2Eb„m„about
220 MeV/c for the 50-GeV e beam at SLAC. We have
not investigated whether such a search could extend into
the unexplored regions in Figs. 7 and 8.

B. Muon-specifi forces

1. Remarks on limits and use of other data

If the A, couples only to the p, our only limits on e&„
come from g„—2, Fig. 1(b). As discussed in Sec. III, the
larger size of m„compared to m, leads to the limits im-
posed by g„—2 extending to larger values of m&. Com-
paring Fig. 7 for az, with Fig. 1(b) for az, one sees that
most of the a&, -m& region excluded by e+e —+e+e is
excluded for o.&„-m& by g„—2.

The study of the p+p mass spectrum in muon trident
production,

p —+N —+p —+N'+p++ p (30a)

also provides a way to search for a muon-specific force.
One would look for the process

p —+N —+p —++N'+ A., k —+p++p (30b)

which would occur through a diagram similar to that in
Fig. 12(b) with all e's replaced by p's. Sloan has
brought to our attention a study of the p+p mass
spectrum from the reaction in Eq. (30a), the data having
been obtained by the European Muon Collaboration.
There are no unexplained peaks in the p+p mass spec-
trum. The upper limits which this null result imposes on
n&„have not been calculated.

We have already noted in Sec. V 8 3 that we learn little
new from e+e —+p p compared to the joint limits
from e+e —+e+e and g„—2. This assumes our model

in which ~a&,„~
= )Qa&, a&&~. There may be more com-

plex models which do not have this equivalence.
We are studying data from PEP looking for the pro-

cess

studied the sensitivity which could be achieved.
Other possible future experiments could explore the

product a&, o.'&„. Extending the discussion in Sec. VI A 2,
one could look for the process

e +p —+e +p+ A, , k~p++ p (32)

Or a deliberate energy scanning search could be made for
a resonance in

e++e —+p++ p (33)

2. Possible future experiments

We have no suggestions on how to better explore the
limits on u&, if the k couples only to the ~. Indeed little
more can be done even if the A, also couples to the e. One
cannot get much sensitivity from a search using

e++e ~e++e +A, , A, ~r++z (34)

there will not be a ~+~ mass peak even if mz) 2m, .
The ~ remains a challenge to experimenters.

From a broader viewpoint, there are still unresolved

experimental questions concerning the production of
muons when a high-energy e dissipates in a thick tar-
get. We refer to the work of Nelson and Kase and of
Nelson, Kase, and Svenson. We do not know if the ex-
perimental results of these authors have anything to do
with the speculations in this paper. However a new
high-energy study of

e +p —+p++p + .

would help clarify those results

C. ~ specific forces

I. Remarks on limits and use of other data

The upper limit on a&„ from e+e ~~+~, Fig. 11,
gives an upper limit on the o.&, only if one assumes a rela-
tion between g&, and g&, . If the k couples only to the ~,
there are two ways a A,-~ coupling could afFect existing z
data: (a) The A,-r coupling would add to the r-y-r vertex
a correction term proportional to a& . The measure-
ments of g(e+e —+r+r ) then limit the size of a&,. (b)
If m& & m there would be an efFect on ~ decays propor-
tional to a&,. These two types of limits require some dis-
cussion of ~ physics and data and will be presented else-
where.

e++e —+e++e +A, , A, —+p++p (31) ACKNOWLEDGMENTS

This could take place through a Feynman diagram analo-
gous to that in Fig. 12(a).

2. Possible future experiments

If the precision of the g„—2 measurement is improved,
then the unexplored region of az„-mz in Fig. 1(b) can be
entered. The initial work leading to such an improve-
ment has begun. '

Another way to extend the search for a k which cou-
ples only to the p is to study the process in Eq. (30a) with
increased statistics compared to Ref. 30. We have not
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